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Introduction {#sec001}
============

Melanoma is the sixth most common cancer in the US and patients with metastatic disease have a five year survival rate of less than 20% \[[@pone.0125028.ref001]\]. Until 2010 the only Food and Drug Administration (FDA) approved therapies for metastatic melanoma were dacabarzine (DTIC) and high-dose interleukin 2, but beginning in 2011 a series of approvals dramatically changed the way unresectable stage III and IV melanomas are treated. The approval of ipilimumab, an immunomodulatory monoclonal antibody directed against the cell surface antigen CTLA-4 and vemurafenib, a targeted agent for the treatment of BRAF^V600E^ \[[@pone.0125028.ref002]--[@pone.0125028.ref004]\] mutation-positive melanomas paved the way for the subsequent approval of 2 additional agents, trametinib and dabrafenib which together inhibit two distinct components of the RAS/RAF/MEK/ERK pathway and are used in combination to treat melanoma patients with BRAF^V600E^ or BRAF ^V600K^ mutations \[[@pone.0125028.ref005]\]. Although these approvals certainly represent significant therapeutic options for patients with metastatic melanoma, there are fewer treatment options for patients with non-BRAF mutant melanomas. It is of critical importance to identify therapies which could have potential application in patients with BRAF mutation-negative melanomas and for patients that have failed initial therapy with BRAF inhibitors.

The 'canonical' Wnt/β-catenin pathway is heavily implicated in developmental processes and many disease states including cancer. In the absence of Wnt pathway stimulation, β-catenin is sequestered in a 'destruction complex' containing the proteins Axin, adenomatous polyposis coli (APC), glycogen synthase kinase-3 (GSK-3), and casein kinase-1 (CK1). Within the complex, CK1 phosphorylates β-catenin at Ser45, which in turn allows for GSK3 phosphorylation of β-catenin at Thr41, Ser37 and Ser33 residues \[[@pone.0125028.ref006]\]. Phosphorylated β-catenin is next ubiquinated by β-TrCP ubiquitin E3 ligase and degraded by the proteasome \[[@pone.0125028.ref007],[@pone.0125028.ref008]\]. In canonical signaling, secreted Wnt glycoproteins bind to specific members of the low-density lipoprotein receptor-related protein (LRP) and Frizzled protein families, activating the pathway. Wnt binding serves to indirectly prevent β-catenin ubiquitination, allowing the destruction complex to become saturated and inactivating the complex \[[@pone.0125028.ref009]\]. Newly synthesized β-catenin is then able to act as a transcriptional activator by associating with the TCF/LEF family of transcription factors and resulting in the regulation of genes involved in cell proliferation, stem cell maintenance and cell fate determination \[[@pone.0125028.ref010]\].

The role of the Wnt pathway and β-catenin in melanoma remains controversial with literature both supporting an oncogenic role for Wnt signaling within specific contexts as well as studies indicating that activation of the Wnt pathway in melanoma may be of therapeutic benefit. In numerous tumor types including colorectal and breast cancer, activation of the Wnt/β-catenin pathway is associated with increased tumorigenesis, proliferation and decreased patient survival \[[@pone.0125028.ref011]--[@pone.0125028.ref013]\]. In contrast, studies in melanoma and prostate cancer indicate that activation of the Wnt/β-catenin pathway, demonstrated by increased nuclear β-catenin, may correlate with an improved rather than poorer prognosis \[[@pone.0125028.ref014]--[@pone.0125028.ref017]\]. In melanoma, it has been observed that a loss of β-catenin expression occurs with melanoma progression and that nuclear β-catenin levels are inversely proportional to cellular proliferation as measured by Ki67 staining \[[@pone.0125028.ref016]--[@pone.0125028.ref020]\]. Consistent with this data, a number of studies have sought to understand the role of the Wnt/β-catenin pathway in human melanoma. Chien et al. (2009) demonstrated that overexpression of Wnt3a and subsequent Wnt pathway activation in murine and human melanoma cells resulted in decreased cellular proliferation, increased differentiation and decreased tumor growth in vivo \[[@pone.0125028.ref016]\]. Similarly, Gallagher et al. (2012) demonstrated that elevated β-catenin levels inhibit melanocyte and melanoma cell line migration in vitro and in vivo. However, they also indicated a role for β-catenin in the stimulation of melanoma metastatic potential when combined with activating mutations in NRAS, indicating that the role of Wnt signaling may be context dependent \[[@pone.0125028.ref021]\].

More recently, pharmacologic activation of Wnt/β-catenin signaling by Riluzole was reported \[[@pone.0125028.ref022]\]. Addition of micromolar concentrations of Riluzole, a putative glutamate receptor antagonist (GRM1) enhanced Wnt/β-catenin signaling, shown to decrease proliferation and increase the differentiation of melanoma cells in vitro when combined with exogenous Wnt3a \[[@pone.0125028.ref022]\]. Similar in vitro observations, including enhancement of Wnt/β-catenin signaling, were also reported when melanoma cells were treated with the non-competitive GRM1 antagonist, BAY 36--7620 \[[@pone.0125028.ref022]\]. Riluzole was also showed to decrease lymph node metastasis of B16 melanoma cells injected into the footpads of mice \[[@pone.0125028.ref022]\] collectively suggesting that pharmacological enhancement of Wnt/β-catenin signaling is linked to anti-proliferative/metastatic activity in melanoma cells. We sought to build on this finding in order to better understand if pharmacological activation of the Wnt pathway is worthy of further exploration as a potential therapeutic strategy in the treatment of melanoma. Here we describe a potent, highly selective, small molecule inhibitor of GSK3 capable of activating the Wnt/β-catenin pathway and inducing apoptosis in human melanoma tumor cells at nanomolar concentrations. Melanoma cell lines expressing either mutated RAS or mutant BRAF were equally sensitive to GSK3 inhibition, as were cell lines resistant to the BRAF inhibitor Vemurafenib. In vivo, LY2090314 elevated gene expression of Axin2, a Wnt-responsive gene, and resulted in a tumor growth delay with repeat dosing in both single agent and combination drug studies. Taken together, this data suggests that Wnt pathway activation is a potential therapeutic strategy in patients with BRAF wild type or BRAF mutant melanoma.

Materials and Methods {#sec002}
=====================

Reagents {#sec003}
--------

The synthesis of LY2090314 was performed as previously described \[[@pone.0125028.ref023]\]. Vemurafenib was synthesized in house. (2′Z,3′E)-6-Bromoindirubin-3′-acetoxime, BIO-Acetoxime (BIA) was obtained from Chemicon (GSK3 inhibitor X). Riluzole was obtained from Matrix Scientific.

GSK3 biochemical assay {#sec004}
----------------------

The inhibitory enzyme activity of LY2090314 was assessed by incubating human recombinant GSK3α or GSK3β in the presence of the peptide substrate YRRAAVPPSPSLSRHSSPHQ(Ps)EDEEE as previously conducted \[[@pone.0125028.ref023]\].

Cell Culture {#sec005}
------------

The human melanoma cell lines, A375, M14, Mel1102, A2058, SKMEL2, SKMEL28 and CHL1 were obtained from American Type Culture Collection and cultured as monolayers. MEXF276, MEXF462, MEXF1341 and MEXF1792 patient derived tumor cells were obtained from Oncotest (Freiburg, Germany).

TOPFlashTCF4/LEF reporter assay {#sec006}
-------------------------------

Cells were plated at 250,000 cells/well in 6 well plates and following a 24 hour incubation were transduced with Cignal lentivirus TCF-LEF responsive inducible luciferase reporter according to manufacturer's instructions (SA Biosciences). Following 72 hours, cells were re-plated and selected for 3 days using puromycin (1μg/ml). Selected cells were seeded in 96 well plates at a density of 10,000 cells/well and allowed to adhere overnight in regular growth media. Following 24 hours, media was removed and replaced with growth media containing 2% fetal bovine serum and the cells exposed to test agents (0.5nmol/L to 1μmol/L) for 5 hours. TCF/LEF activity was assessed using the Bright-glo luciferase substrate reagent according to manufacturer's instructions (Promega).

Axin2 gene expression studies {#sec007}
-----------------------------

Cells were seeded in 6 well plates at a density of 500,000 cells/well and allowed to adhere overnight in regular growth media. Next, media was replaced and cells treated for a defined time period and defined compound concentration before RNA was isolated using the Qiagen RNeasy kit with a DNAse treatment step according to manufacturer's instructions (Qiagen). Four micrograms of RNA was used in the subsequent cDNA synthesis reaction using the High Capacity cDNA RT kit according to manufacturer's instructions (Applied Biosystems). Primer probe sets for Axin2 and GAPDH were obtained from Applied Biosystems and PCR reaction set up using Universal Master Mix in Optical 348 well reaction plates (Applied Biosystems) according to manufacturer's instructions. Samples were run on the ABI 7900HT (Applied Biosystems) thermocycler and results generated using the standard curve method and SDS2.2.2 software.

For tumor samples, tissue was placed in RNA later (Qiagen) and stored at 4°C prior to processing. At time of processing samples were placed into a Lysing Matrix A tube (Qbiogene) in 0.8ml RLT buffer containing mercaptoethanol (RNeasy kit) and samples homogenized using a Bio101 Fast Prep FP-120 homogenizer at a setting of 5.0 for 30 seconds followed by centrifugation at full speed in a microcentrifuge to pellet debris. Supernatant was collected and the RNeasy Kit (Qiagen) used to process samples according to the manufacturer's instructions. The remainder of the procedure is as noted above for cells.

Immunoblotting {#sec008}
--------------

Cells were lysed on ice for 15 minutes with lysis buffer containing 1% Triton X100, 25mM Tris pH7.5, 150mM NaCl, 1mM EDTA, 1mM EGTA and 1x Halt protease and phosphatase inhibitor cocktail (Thermo scientific). Lysates were freeze-thawed before being scraped and sonnicated. Protein lysate supernatant was collected by centrifugation at full speed in a microcentrifuge for 10 minutes at 4°C. Equal amounts of protein were resolved by 4--20% SDS-PAGE gels (Biorad) and the iblot system was used to transfer protein to a nitrocellulose membrane (Invitrogen). Nonspecific antibody binding was blocked in a 5% milk solution for 1 hour at room temperature. Antibodies used in the studies were sourced from the following vendors: β-catenin (Cell Signaling, Cat. \#9562), pβ-Catenin (serine 33/37, threonine 41) (Cell Signaling, Cat. \# 9561), GAPDH (Cell Signaling, Cat. \# 2118), Axin1 (Cell Signaling, Cat. \# 2087), Axin2 (Cell Signaling, Cat. \# 2151), pJNK (Cell Signaling, Cat. \# 9251) and pMEK (Cell Signaling, Cat. \# 9121). The pGSK3 primary antibody, which recognizes pTyr 279-GSK3α and pTyr 216-GSK3β was obtained from Abcam (Cat. \# 52188). Antibodies were incubated with membrane overnight at 4°C at 1:1000 dilution in 1% BSA before the membranes were washed and probed with a donkey anti-Rabbit horseradish peroxidase-conjugated secondary antibody (GE Healthcare). Antibody reactivity was detected by chemiluminescence using Super-signal West Femto substrate (Pierce).

Cell chemosensitivity and caspase activation assay {#sec009}
--------------------------------------------------

Cells were seeded in 96 well plates at a density of 2,000 cells/well and allowed to adhere overnight in regular growth media. Following 24 hours, media was removed and replaced with growth media containing 2% fetal bovine serum and the cells exposed to test agents (0.5nmol/L to 10μmol/L) for 72 hours. In vitro chemosensitivity of melanoma cells to LY2090314, BIA and Vemurafenib was determined using the CellTiter-Glo assay according to manufacturer's instructions (Promgea). Caspase 3/7 activation was determined using the Caspase-Glo assay according to manufacturer's instructions (Promega). Nonlinear regression and sigmoidal dose-response curves were used to calculate the half maximal inhibitory concentration (IC~50~) using GraphPad Prism 6 software.

PARP cleavage assay {#sec010}
-------------------

Cells were seeded in 6 well plates at a density of 250,000 cells/well and allowed to adhere overnight in regular growth media. Following 24 hours, media was replaced with fresh growth medium containing LY2090314 (final concentration 5nM, 15nM) and the cells exposed to test agents for 72 hours. PARP cleavage was assessed per 50μg total protein using the Pathscan Cleaved PARP ELISA (Asp214) sandwich ELISA kit according to manufacturer's instructions (Cell Signaling Technology). Levels of cleaved PARP were calculated relative to DMSO control treated cells.

Immunoprecipitation {#sec011}
-------------------

In order to assess 'free' β-catenin within cell lysates before and after treatment with LY2090314, we measured the amount of β-catenin available for binding to the C-terminal region of E-cadherin fused to a FLAG tag. This method has been described previously \[[@pone.0125028.ref024]\]. Briefly, lysates representing 300μg total protein were incubated with 10μg His-Flag-E-cadherin. Anti-FLAG M2 Affinity gel (Sigma) was washed and incubated with the lysate/E-cadherin mix overnight at 4°C in order to bind E-cadherin/β-catenin complexes. Following the overnight incubation, the resin was washed 3 times with lysis buffer before being resuspended in gel loading buffer (Boston biosciences) containing β-mercaptoethanol. Samples were centrifuged at 8000g and supernatants used for immunoblot analysis.

shRNA knockdown of β-catenin {#sec012}
----------------------------

A375 and M14 cells were plated at a density of 250,000 cells/well in a 6 well plate in complete culture media. After 24 hours, cells were transduced with Mission lentiviral particles (Sigma Adrich) targeting β-catenin, GSK3α, GSK3β, Axin1 or control at an MOI of 2 in the presence of polybreen (8μg/ml). Following a further 24 hours, infection media was replaced with 2ml complete culture medium and the cells selected using puromycin (2μg/ml) after a further 48 hours. Protein knockdown was verified by immunoblotting and the cells maintained in 2ug/ml puromycin.

LY2090314 pharmacokinetic studies {#sec013}
---------------------------------

All animal work was performed in an Association for Assessment of Laboratory Animal Care (AALAC)-certified facility and was approved by Eli Lilly and Company Institutional Animals Care and Use committee. To understand the plasma pharmacokinetics of LY2090314 in vivo following i.v. administration, CD1 nu/nu non-tumor bearing mice (Harlan, Indianapolis, IN) were injected i.v. with 5mg/kg LY2090314 and blood collected by cardiac puncture at the times indicated (5, 15, 30, 60 120 minutes post dose). Mice were sacrificed using isoflurane and cervical dislocation. Blood was centrifuged at 5,000 x g for 10 minutes, and the resulting plasma analyzed for drug concentration using HPLC and mass spectrometry.

In vivo studies {#sec014}
---------------

Five million A375 human melanoma cancer cells were injected S.C. in the flank of female 6 to 8 week old athymic nude mice (Harlan, Indianapolis, IN) in a 1:1 mixture with matrigel (Becton Dickinson, Bedford, MA). Mice were monitored daily for palpable tumors. When tumors reached \~100mm^2^ mice were randomized into groups receiving either LY2090314 (25 mg/kg Q3D) or vehicle (20% Captisol/0.01N HCl) via i.v. administration. Tumor volume (measured by calipers) and animal body weight were recorded twice weekly. Tumor volumes were calculated using the formula: (a^2^ x b)/2 (a being the smaller and b being the larger dimension of the tumor). For combination studies with DTIC (60 mg/kg QD), LY2090314 was dosed at 2.5 mg/kg Q3D and tumor growth monitored.

For in vivo target inhibition studies in xenograft tissue LY2090314 (25mg/kg) was administered to mice harboring A375 tumors approximately 200mm^2^ in volume and tumor tissue collected for RNA expression analysis at 1, 2, 4, 6, 8 and 24hours postdose.

Statistical analysis {#sec015}
--------------------

In vitro concentration response curves were fit and IC~50~ estimates were calculated using Graphpad Prism (Version 6). A mixed effects repeated measures ANOVA model was used to analyze the tumor growth studies. Tumor volume data were transformed to the log scale to account for heterogeneous variance across time and treatment groups. The repeated measures ANOVA model was fit using the MIXED procedure in SAS (version 9.3, Cary, NC). This procedure was used to estimate least squares means and standard errors for treatment by time as well as p-values for comparisons between treatments within days. This same model was also used to estimate the drug combination effect of LY2090314 and dacarbazine. This was done by estimating the 2x2 interaction effect and p-value from a contrast consisting of the vehicle control, each single agent and the combination group.

Results and Discussion {#sec016}
======================

LY2090314 is a potent, selective GSK3 inhibitor which activates the Wnt pathway in melanoma cell lines {#sec017}
------------------------------------------------------------------------------------------------------

In order to pharmacologically activate the Wnt pathway in melanoma cells without the need for exogenous Wnt3a, and therefore better assess activation of the Wnt pathway as a treatment strategy using small molecule therapeutics, we sought to investigate a highly potent activator of Wnt signaling. LY2090314 is a small molecule bisarylmaleimide ([Fig 1A](#pone.0125028.g001){ref-type="fig"}) with in vitro activity against both human recombinant GSK3α (IC50 1.5nM) and GSK3β (IC50 0.9nM) in a cell free assay. LY2090314 is highly selective towards GSK3 as demonstrated by its fold selectivity relative to a large panel of kinases ([S1 Fig](#pone.0125028.s001){ref-type="supplementary-material"}). We assessed the ability of LY2090314, Riluzole and BIA (a frequently utilized and commercially available GSK3 inhibitor) to stimulate TCF/LEF TOPFlash activity in A375 melanoma cells. Consistent with activation of Wnt signaling, LY2090314 stimulated the TCF/LEF TOPFlash reporter at low nanomolar concentrations ([Fig 1B](#pone.0125028.g001){ref-type="fig"}) while BIA was able to increase reporter activity at high nanomolar concentrations. In contrast, and consistent with the literature, Riluzole was a poor inducer of the TCF/LEF reporter activity in the absence of Wnt3a conditioned media \[[@pone.0125028.ref022]\]. To investigate whether LY2090314 functionally activates Wnt signaling we characterized its ability to stabilize β catenin and to stimulate the expression of Axin2 in A375 melanoma cells. As Western blotting demonstrates, treatment with 20nM LY2090314 promotes a time-dependent stabilization of β-catenin total protein as well as an induction of Axin2 ([Fig 1C](#pone.0125028.g001){ref-type="fig"}). Treatment with LY2090314 also resulted in inhibition of GSK3 phosphorylation at tyrosine 279 and β-catenin at serines 33/37 and threonine 41. Gene expression analysis in A375 cells confirmed the time and dose dependent increase in Axin2 mRNA expression following LY2090314 treatment ([Fig 1D](#pone.0125028.g001){ref-type="fig"} and [S2 Fig](#pone.0125028.s002){ref-type="supplementary-material"}). To further analyze the effect of GSK3 inhibition on the levels of free β-catenin we performed E-cadherin IP experiments to isolate 'uncomplexed' β-catenin from cells \[[@pone.0125028.ref024]\]. This allowed us to assess changes in the amount of β-catenin protein in the cell, free to participate in Wnt signaling. As [Fig 1E](#pone.0125028.g001){ref-type="fig"} demonstrates, treatment with LY2090314 resulted in a large increase in uncomplexed β-catenin, a finding compatible with Wnt signaling activation. Taken together, these experiments demonstrate that LY2090314 is able to potently stabilize β-catenin protein and activate Wnt signaling in vitro. Our data also indicates that LY2090314 is at least 10--100 fold more potent than either BIA or Riluzole in its ability to activate Wnt signaling \[[@pone.0125028.ref025]\].

![LY2090314 is a GSK inhibitor which elevated Wnt signaling in melanoma cell lines.\
**A**. Structure of LY2090314. **B**. Riluzole (**▲**), LY2090314 (■) and BIA (●) activated the TCF/LEF luminescent reporter in A375 cells following 5 hours of drug exposure. **C**. LY2090314 (20nM) decreased phosphorylation of GSK3α/β in A375 cells and increased β-catenin and Axin2 protein levels as determined by Western blot. **D**. LY2090314 (20nM) treatment of A375 cells increased Axin2 gene expression in a time dependent manor. **E**. Uncomplexed β-catenin IP experiments reveal a large increase in β-catenin protein following LY2090314 (20nM) treatment for 48 hours.](pone.0125028.g001){#pone.0125028.g001}

LY2090314 potently induces apoptotic cell death in a panel of melanoma cell lines irrespective of BRAF mutation status {#sec018}
----------------------------------------------------------------------------------------------------------------------

To test the impact of GSK3 inhibition on the proliferation of human melanoma, a panel of 11 cell lines representing both BRAF WT/NRAS mutant and BRAF mutant cells were subjected to 72 hour proliferation assays in the presence of LY2090314 or BIA ([Fig 2A](#pone.0125028.g002){ref-type="fig"}). LY2090314 demonstrated a higher potency in all cell lines relative to BIA and was active in the nanomolar range in 10/11 cell lines tested. Mutation status in terms of BRAF and NRAS, the most commonly found mutations in human melanoma \[[@pone.0125028.ref003]\], did not have a significant effect on the ability of cells to respond to LY2090314. The apoptosis markers of caspase 3/7 activation and PARP cleavage were assessed to associate the results from the proliferation assay to apoptotic cell death. Following 72hr drug exposure both activated caspase 3/7 ([Fig 2B](#pone.0125028.g002){ref-type="fig"}) and cleaved PARP ([Fig 2C](#pone.0125028.g002){ref-type="fig"}) were induced in the single digit nanomolar range by drug treatment indicating that LY2090314 induces cell death via apoptosis. The antiproliferative effects of LY2090314 observed in melanoma cell lines was not evident in a variety of other solid tumor lines tested ([S1 Table](#pone.0125028.s007){ref-type="supplementary-material"}) suggesting that LY2090314 is not a general cytotoxic agent and in line with the concept that activation of the Wnt pathway is associated with reduced proliferation of melanoma cells.

![LY2090314 potently induces apoptotic cell death in a range of melanoma cell lines irrespective of BRAF mutation status.\
**A**. 72hr cytotoxicity assays (CellTiter-Glo) reveal LY2090314 activity in the nanomolar range in numerous melanoma cell lines. The commercially available GSK3 inhibitor BIA demonstrates activity in the micromolar range. **B**. Cleaved caspase assays (Promega) reveal an induction of cleaved caspase3/7 prior to cell death in melanoma cell lines, data presented is following 72 hours LY2090314 drug treatment. **C.** Cleaved PARP can be detected prior to cell death following cell treatment with LY2090314 indicating that LY2090314 induces cell death via apoptosis.](pone.0125028.g002){#pone.0125028.g002}

Cell death induced by LY2090314 is dependent upon β-catenin and Wnt signaling {#sec019}
-----------------------------------------------------------------------------

To further investigate the role of Wnt activation, and more specifically β-catenin stabilization in LY2090314-mediated cell death, we assessed the impact of β-catenin knockdown in melanoma cells. Protein knockdown experiments using lentiviral vectors containing shRNAs targeting β-catenin were used to infect A375 and M14 cells, both sensitive to apoptosis induction after treatment with LY2090314. β-catenin knockdown ([Fig 3A](#pone.0125028.g003){ref-type="fig"}) rendered both cell lines resistant to the anti-proliferative effects of LY2090314, as noted by a significant increase in EC50 ([Fig 3B and 3C](#pone.0125028.g003){ref-type="fig"}), demonstrating that β-catenin is required for the apoptotic cell death resulting from GSK3 inhibition. In addition to β-catenin knockdown, overexpression of the dominant negative form of TCF4, which activates Wnt signaling by directly binding cytosolic β-catenin and facilitating its translocation to the nucleus \[[@pone.0125028.ref026]\], also rendered the cells resistant to the anti-proliferative effects of LY2090314 ([S3 Fig](#pone.0125028.s003){ref-type="supplementary-material"}), again indicating the role of the Wnt pathway in controlling response to GSK3 inhibition in melanoma. In line with previous observations \[[@pone.0125028.ref027]\], shRNAs targeting of GSK3α and GSK3β had minimal adverse effects on cell proliferation (data not shown) however, GSK3β, but not GSK3α, knockdown cells were more sensitive to LY2090314 ([Fig 3D and 3E](#pone.0125028.g003){ref-type="fig"}). Together, these findings suggest that impairment of LY2090314-mediated Wnt signaling activation leads to decreased apoptosis in melanoma cells. Since the effect of LY2090314 on cell proliferation was rescued by shRNAs targeting β-catenin, this indicates that β-catenin is an important mediator of apoptosis in melanoma cells in response to LY2090314, a finding that further supports and extends prior studies which demonstrate that over expression of Wnt3a could reduce tumor growth in a murine melanoma model \[[@pone.0125028.ref016]\].

![Cell death induced by LY2090314 is dependent on β-catenin and GSK3β knockdown increases the sensitivity of cells to LY2090314.\
**A**. Melanoma cells stably transfected with shRNAs targeting β-catenin display decreased β-catenin and Axin2 protein expression by western blot. A375 (**B**) and M14 (**C**) cells expressing shRNAs targeting β-catenin (● Control; ■ β-catenin shRNA 1; **▲** β-catenin shRNA 2; ▼ β-catenin shRNA 3) become resistant to LY2090314 suggesting that β-catenin is required for apoptotic cell death in response to LY2090314. **D, E.** A375 cells targeted with GSK3β shRNA, but not GSK3α shRNA, demonstrates increased sensitivity to LY2090314 (4.5nM, 72hr).](pone.0125028.g003){#pone.0125028.g003}

It is known that GSK3α and GSK3β are structurally highly conserved proteins and previous studies have demonstrated that both GSK3 isoforms perform a redundant role in Wnt/β-catenin signaling \[[@pone.0125028.ref028]\]. Interestingly, our data showed that GSK3β, but not GSK3α knockdown cells were more sensitive to the apoptotic activity of LY2090314 in melanoma cells, potentially suggesting that additional, non Wnt pathway related mechanisms may contribute to the activity of LY2090314 in melanoma cells. Although LY was shown to be selective for GSK3 when tested against a large kinase panel ([S1 Fig](#pone.0125028.s001){ref-type="supplementary-material"}), off-target effects cannot be conclusively ruled out at this time.

LY2090314 remains active in cell lines resistant to Vemurafenib and has an independent mechanism of action {#sec020}
----------------------------------------------------------------------------------------------------------

Since melanoma patients harboring BRAF mutations rapidly become resistant to Vemurafenib, we questioned if Vemurafenib resistant cells retain sensitivity to LY2090314. Using M14 and A375 cells selected for by growth in Vemurafenib over a 3 month period we observed a significant shift in the IC~50~ of Vemurafenib in selected cells whilst no change in the sensitivity to LY2090314 was observed ([Fig 4A](#pone.0125028.g004){ref-type="fig"}) \[[@pone.0125028.ref029]\]. A summary of IC~50~ values for Vemurafenib and LY2090314 in sensitive and resistant cells is shown in [Fig 4B](#pone.0125028.g004){ref-type="fig"}. To monitor the status of the Wnt and MAPK signaling pathways upon treatment with Vemurafenib or LY2090314, we treated A375 ([Fig 4C](#pone.0125028.g004){ref-type="fig"}) or M14 ([S4 Fig](#pone.0125028.s004){ref-type="supplementary-material"}) parental and Vemurafenib-resistant cells with compound for up to 8 hours followed by Western blot analysis of protein expression. As [Fig 4C](#pone.0125028.g004){ref-type="fig"} demonstrates, treatment with LY2090314 increased β-catenin protein levels and elevated Axin2 in both parental and Vemurafenib-resistant A375 cells. pMEK remained unchanged in cells treated with LY2090314 while pJNK was observed to moderately increase in parental A375 cells. JNK is most notably involved in the non-canonical Wnt pathway \[[@pone.0125028.ref030]\] although β-catenin has also been described as a binding partner of c-Jun with a role in JNK signaling \[[@pone.0125028.ref031]\]. In contrast, Vemurafenib had little effect on β-catenin or Axin2 protein levels but rather blocked the expression of pJNK and pMEK in parental cells, consistent with the predicted mechanism of action. As published, in the Vemurafenib resistant cells we observe MAPK pathway reactivation and therefore do not detect significant changes in pJNK or pMEK following Vemurafenib treatment \[[@pone.0125028.ref029]\]. These experiments indicate non-overlapping mechanisms of action for LY2090314 and the BRAF inhibitor Vemurafenib and suggest that GSK3 inhibition may be a potential therapeutic strategy in melanoma patients who fail therapy with a BRAF inhibitor. Previous studies by other groups suggest interplay between the RAS/RAF/MEK pathway and the Wnt pathway in melanoma \[[@pone.0125028.ref032]\]. Biechele et al. (2012) report significant synergy between the BRAF inhibitor PLX4032 and Wnt3a conditioned media in inducing cellular apoptosis in melanoma models. In our system we were unable to demonstrate significant synergy between Wnt3a or LY2090314 and Vemurafenib in vitro or in vivo (data not shown), a difference which cannot be easily explained. The authors also indicated that the expression level of β-catenin and Axin1 is an important determinant in the cellular response to BRAF inhibition but in our hands neither β-catenin nor Axin1 knockdown via shRNAs had any effect on the cellular response to Vemurafenib in A375 or M14 cells ([S5](#pone.0125028.s005){ref-type="supplementary-material"} and [S6](#pone.0125028.s006){ref-type="supplementary-material"} Figs) \[[@pone.0125028.ref032]\]. Together, our data supports the activation of independent signaling pathways with LY2090314 and Vemurafenib. Crucially, whilst we fail to demonstrate an association between BRAF inhibitor sensitivity and Wnt pathway activation, both our current study and previous publications support the notion that Wnt pathway activation is a potential strategy in the treatment of human melanoma \[[@pone.0125028.ref027],[@pone.0125028.ref032]\].

![LY2090314 demonstrates activity in cell lines resistant to the BRAF inhibitor Vemurafenib and has an independent mechanism of action.\
**A**. Wild type melanoma cell lines M14 and A375 are sensitive to growth inhibition by Vemurafenib relative to cells selected as resistant to Vemurafenib. However, LY2090314 retains potency in both wild type and Vemurafenib resistant cell lines (● A375 control; ■ Vemurafenib resistant A375; ▲ M14 control; ▼ Vemurafenib resistant M14). **B**. In a panel of melanoma cell lines, variable sensitivity to Vemurafenib can be observed using 72 hr cytotoxicity assays whilst all cells tested displayed sensitivity to LY2090314. **C**. LY2090314 and Vemurafenib have distinct mechanisms of action. Following drug treatment, cells were analyzed for compound effect on the Wnt and Ras pathways and demonstrate differential signaling pathway modulation.](pone.0125028.g004){#pone.0125028.g004}

LY2090314 demonstrates single agent activity in the A375 melanoma model and synergizes with DTIC in vivo {#sec021}
--------------------------------------------------------------------------------------------------------

We sought to assess the ability of LY2090314 to activate the Wnt pathway in vivo and subsequently question if pathway elevation could lead to antitumor efficacy in melanoma. In mouse, LY2090314 is rapidly cleared and has a plasma half-life of 36 minutes ([Fig 5A](#pone.0125028.g005){ref-type="fig"}). In studies assessing the in vivo gene expression of Axin2, a Wnt responsive gene, we observed a significant induction of Axin2 mRNA at 2 and 4 hours post dose of LY2090314 in A375 xenograft tumor tissue ([Fig 5B](#pone.0125028.g005){ref-type="fig"}). This finding is in agreement with our in vitro experiments which also reveal Axin2 elevation 2--4 hours after initial drug exposure ([Fig 1E](#pone.0125028.g001){ref-type="fig"}). The rapid decline in Axin2 gene expression after 4 hours is consistent with the short half-life and pharmacokinetic properties of the compound in vivo ([Fig 5A and 5B](#pone.0125028.g005){ref-type="fig"}). Despite the transient elevation of the Wnt pathway with LY2090314 treatment, we were able to observe single agent antitumor efficacy in subcutaneous A375 xenografts dosed every 3 days ([Fig 5C](#pone.0125028.g005){ref-type="fig"}, p\<0.003). In addition, we explored the ability of LY2090314 to synergize with DTIC in vivo and observed that the combination treatment displayed statistically significant greater than additive effects relative to control and single treatment groups ([Fig 5D](#pone.0125028.g005){ref-type="fig"}, p\<0.02). In these studies we did not detect significant animal weight loss or other clinical signs. It is important to note that caution should be adopted when exploring the potential use of Wnt activators in cancer therapy due to their ability to increase the proliferation of normal tissues. Optimization of compound dosing and scheduling will be of vital importance when determining if compounds such as these have a sufficient therapeutic window for the treatment of melanoma. The studies presented here provide proof-of-concept data supporting the use of Wnt activators in the treatment of melanoma and support further investigation of GSK3 inhibitors for melanoma therapy with particular attention given to the effects on healthy tissues.

![LY2090314 elevates Axin2 gene expression in vivo, demonstrates single agent activity in the A375 xenograft model of melanoma and enhances the efficacy of DTIC.\
**A**. Plasma PK of LY2090314 in non-tumor bearing mice. **B**. A single dose of LY2090314 (25mg/kg) elevates Axin2 gene expresion in vivo, a marker of wnt pathway activation. **C**. Subcutanous A375 xenografts were treated with 25mg/kg LY2090314 Q3D and resulted in a significant tumor growth delay (p\<0.006). **D**. LY2090314 (2.5mg/kg Q3D) enhances the efficacy of DTIC (60mg/kg QD) in A375 xenografts (p\< 0.02).](pone.0125028.g005){#pone.0125028.g005}

Conclusion {#sec022}
==========

Here we describe a selective small molecule GSK3 inhibitor with potent in vitro activity against GSK3α and GSK3β with the ability to rapidly induce β-catenin dependent apoptosis in preclinical melanoma models. Both tumors driven by RAS and those driven by BRAF responded to LY2090314 suggesting that Wnt activation is a potential therapeutic strategy in both groups of patients. LY2090314 demonstrated in vivo activity as both a single agent and in combination with DTIC. The in vitro and in vivo activity of LY2090314 in preclinical models suggests that the role of Wnt activators for the treatment of both BRAF and NRAS driven human melanoma should be further explored.

Supporting Information {#sec023}
======================

###### LY2090314 selectivity profile.

Single point (20uM) percentage inhibition studies were performed for 200 kinases and IC50 experiments conducted for 44 enzymes. Fold selectivity relative to GSK3β is represented in the figure.

(PDF)

###### 

Click here for additional data file.

###### LY2090314 treatment of A375 cells increased Axin2 gene expression in a dose dependent manor.

(PDF)

###### 

Click here for additional data file.

###### A dominant/negative TCF4 construct renders cells insensitive to LY2090314.

Dominant/negative TCF4 was delivered to cells using lentivirus. Following selection, cytotoxicity assays were performed with LY2090134 according to materials and methods (● A375 control; ■ A375 TCF4 DN; ▲ M14 control; ▼ M14 TCF4 DN).

(PDF)

###### 

Click here for additional data file.

###### LY2090314 and vemurafenib have distinct mechanisms of action.

Following drug treatment, cells were analyzed for compound effect on the Wnt and Ras pathways and demonstrate differential signaling pathway modulation.

(PDF)

###### 

Click here for additional data file.

###### Cell death induced by LY2090314 is not dependent on Axin1.

A. Melanoma cells stably transfected with shRNAs targeting Axin1 display decreased Axin1 protein expression by western blot. A375 (B) and M14 (C) cells expressing shRNAs targeting Axin1(● Control; ■ Axin1 shRNA 1; ▲ Axin1 shRNA 2; ▼ Axin1 shRNA 3) retain sensitivity to LY2090314 suggesting Axin1 does not play a role in the apoptotic response to compound treatment.

(PDF)

###### 

Click here for additional data file.

###### Cell death induced by Vemurafenib is not dependent on β-catenin.

Melanoma cells stably transfected with shRNAs targeting β-catenin display decreased β-catenin protein expression by western blot ([Fig 3](#pone.0125028.g003){ref-type="fig"}). A375 (A) and M14 (B) cells expressing shRNAs targeting β-catenin(● Control; ■ β-catenin shRNA 1; ▲ β-catenin shRNA 2; ▼ β-catenin shRNA 3) retain sensitivity to vemurafenib suggesting β-catenin does not play a role in the apoptotic response to compound treatment.

(PDF)

###### 

Click here for additional data file.

###### LY2090134 relative IC50 values in a panel of human tumor cell lines.

Cell lines were treated for 72 hours in an exponential phase of growth and the IC50 determined using a cell viability method, CellTiter-Glo (see [materials and methods](#sec002){ref-type="sec"}).

(PDF)

###### 

Click here for additional data file.
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